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ABSTRACT 

The effect of total dissolved solids (TDS) composition and 

concentration on calcium hemihydrate (CaSO .̂1/2 ^0) crystallization 

kinetics was studied. A continuous-flow crystallizer with a maximum 

capacity of 240 mililiters was used in all the crystallization ex

periments. The presence of high total dissolved solids (HTDS) from 

chloride solutions increased nucleation, while HTDS sulfate solutions 

inhibited nucleation. The growth rate generally decreased and poly-

crystalline habit was frequently observed in both cases. 

The growth-supersaturation data for the case of HTDS sulfate 

solutions were well-fitted to a two-dimensional nucleation model. A 

nucleation rate expression in terms of TDS concentration of ions was 

obtained. The nucleation rate data was corrected for TDS composition 

and concentration and fitted to a power-law nucleation model for each 

case, i.e., for HTDS chloride solutions and HTDS sulfate solutions, 

respectively. These relationships can be used for crystal size dis

tribution (CSD) predictions in terms of TDS ionic concentrations. 

viii 



INTRODUCTION 

The observed rapid growth of coal-fired plants for electric 

power generation has been more than a sufficient reason for the in

creased interest placed in the development of optimum methods for 

SO2 removal from combustion flue gases. At present, the wet limestone-

based flue gas desulfurization (FGD) process is the most widely used 

one in the electric industry (1,2). In this process, the SO^ in the 

flue gas reacts with alkaline species in the scrubbing liquor to pro

duce insoluble calcium sulfite hemihydrate, CaSOyl/^ H^O, and/or 

gypsum, if excess air is supplied. An insoluble mixture of calcium 

sulfite/sulfate can also be formed if enough dissolved sulfate is 

present in the scrubber liquor. The calcium/sulfur solid products 

are separated and removed from the system as a sludge requiring dis

posal in a landfill or pond. Figure 1 shows a typical limestone FGD 

system schematic. 

High concentrations of dissolved solids in the scrubbing liquor 

build up if closed-loop water operation is implemented in the FGD sys

tem (3,4,5). Trends toward closed-loop water operation in FGD systems 

arise from a need to reduce wastewater treatment costs in addition to 

the increased importance given to water conservation in power plants. 

Cooling tower blowdown and other wastewater streams in power plants 

would be used as the main water sources in the FGD system. The only 

ways for water to leave the FGD system would then be through 

1 
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evaporation in the cooling tower and with the free moisture leaving 

with the scrubber sludge. Dissolved species might also enter the 

scrubber liquor through the absorption of HC1 resulting from the com

bustion of high chloride coals. The accumulation of total dissolved 

solids resulting from closed-loop water operation, along with the use 

of high chloride coals, can be expected to increase TDS to levels 

never experienced before in any FGD system. Hence, more emphasis has 

been placed in determining the effect of TDS on FGD process perfor

mance . 

Crystal size distribution and crystal habit are known to be 

important factors in determining the quality of the solid product re

sulting from FGD processes. Both factors affect the settling and de-

watering properties of the solid product. Solids containing large 

crystals and suitable habit are easier to dewater, filter, and stabi

lize for disposal. Crystal size and habit are also useful in predict

ing scaling tendency and solids handling problems. 

Calcium sulfite hemihydrate has been the solid product pre

dominantly formed in most FGD systems operating under natural-oxidation 

conditions. Many solids disposal problems in FGD systems have been 

traced to poor settling and dewatering properties. The presence of 

dissolved solids in the scrubber liquor can affect CaSO^.l/Z 1^0 

crystal size and habit and hence, its settling and dewatering char

acteristics. Therefore, the present study was intended to fulfill 

two purposes: 



To determine the effect of TDS composition and concentration 

on calcium sulfite hemihydrate crystal size and habit. 

To correlate crystallization kinetic parameters of calcium 

sulfite hemihydrate in terms of the ionic concentration of 

TDS. 



LITERATURE AND THEORY 

Crystallization is defined by two processes: nuclei formation 

from the liquid phase, or nucleation; and crystal growth. The inter

action of the rates of nucleation and growth determines the crystal 

size distribution in the crystallizer. The driving force for both 

rates is the liquid-phase supersaturation. The degree of supersatura-

tion can also affect the habit of the grown crystals. Therefore, any 

variation in the driving force can cause either crystal habit modifi

cations or changes in the rates of growth and nucleation or both. 

Population Balance 

The starting point for CSD analysis and prediction in crystal

lizing systems is the population balance. A form of this balance 

applying to continuous-flow crystallizers is given by Randolph and 

Larson (7) as: 

tr+ + n a(19tv) = _z + B(L) ~ D(L) (1) 

This equation can be reduced under certain assumptions to the commonly 

used steady-state mixed-suspension mixed-product removal (MSMPR) rela

tionship expressed as: 

d(nG) = n ~ 
dL T 

The solution, assuming McCabe's AL law holds (G ̂  G(L)), can be 

written as: 

5 
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Ro 
n(L) = -g- exp (-L/Gt) (3) 

3 where n(L) = population density, no./m .m; 

B° = nucleation rate, no./m"^.s; 

G = linear growth rate, m/s; 

L = mean particle size (equivalent spherical diameter), 

m; and 

T = residence time, s. 

It can be seen then that a plot of l°ge n versus L should result in 

a straight line of intercept log B°/G and slope -1/GT. 
e 

Crystal Growth 

Crystal growth from solution can be described as a two-step 

operation: the diffusion step, where the solute is transported to the 

crystal surface; and the surface integration step, in which the solute 

is incorporated into the crystal lattice. The growth controlling step 

depends on the relative velocity between crystals and solution. Growth 

is diffusion controlled at low relative velocities with increasing 

integration resistance as the relative velocity is increased. 

Crystal growth kinetics can often be approximated in terms of 

supersaturation s, giving rise to the formulation of specific growth 

models. The mechanism by which crystals grow, and hence the relation 

between growth rate and supersaturation, is determined by the nature 

of the crystal-solution interface. A rough interface offers many 

potential kink sites for integration of growth units. Thus, growth 
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occurs by a continuous or normal mechanism and its rate depends 

linearly on supersaturation: 

G = ks (4) 

The other case is when the interface is smooth, where the appearance 

of kink sites is only possible through the formation of two-dimensional 

nuclei or of steps on the crystal surface. Under such conditions, sur

face diffusion must be taken into consideration and growth is charac

terized by a layer mechanism. 

Two layer growth mechanisms have been identified. The first 

is discussed in terms of surface nucleation, requiring that a two-

dimensional nucleus be formed on the surface of a growing crystal or 

cluster to which growth units can attach to its edges. Growth takes 

place across the crystal face and is limited by the rate of surface 

nucleation. Nielsen (8) and Bennema et al. (9) have suggested that 

growth by a two-dimensional nucleation mechanism may require that a 

number of nuclei interact at the crystal surface rather than a single 

nucleus. The resulting relation between growth rate and supersatura

tion can then be expressed as: 

G " 7 exp (ln (a'* 1)> (5) 

where 

a = c - Ce1 
Ceq 

and are constants related to the absolute temperature, inter-

facial free energy, and interatomic distance (or thickness of growth 



layer); and C and are the bulk solution and equilibrium 

concentrations, respectively. At low relative saturation c (i.e., 

a + 1 tends to 1), In (a + 1) approximates to a by Taylor's expansion. 

Thus, Equation 5 can be expressed as: 

C -C 
G = -| exp .(-̂ •) (6) 

o 

It can be inferred from this model (also called polynuclear nucleation 

model) that the rate at which critical nuclei spread across the sur

face is essentially zero and that the surface can only be covered when 

a sufficient number of critical nuclei have been accumulated. 

Frank (10) suggested another layer growth mechanism based on 

a dislocation theory which can occur at lower supersaturations than 

the one mentioned previously. The presence of screw dislocations in 

the crystal lattice results in a self-perpetuating source of steps on 

the surface providing kink sites at which growth can occur. Burton, 

Cabrera, and Frank (11) developed a growth equation that accounts 

for this phenomenon. This equation takes a parabolic form at low 

supersaturations. Thus 

G = ks2 (7) 

while showing a linear dependence at high supersaturations. 

Nucleation 

Nuclei can be generated by various mechanisms. These can be classi

fied into three groups: 
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1. Homogeneous nucleation—nuclei generation as a result of 

supersaturation alone. 

2. Heterogeneous nucleation—nuclei generation caused by the 

presence of nonsoluble foreign materials. 

3. Secondary nucleation—nuclei generation induced by the 

presence of crystallized solute which would not occur if the 

solute crystals were not present. 

Several nucleation models based on classical theories have 

been proposed which describe homogeneous and heterogeneous rates of 

nucleation. These models only predict nucleation at high supersatur

ation levels, those necessary to surpass the metastable limit of 

supersaturation below which only secondary nucleation will occur. 

Ottmers et al. (12) showed that the metastable zone for CaSO^.l^ H^O 

exists up to a feed supersaturation of about 3 to 4 times the solu

bility product. High levels of supersaturation are not frequently 

experienced in industrial crystallizers. Therefore, it is evident 

that there must be other mechanisms that account for nucleation 

under industrial conditions. 

Clonts and McCabe (13) showed that secondary nucleation and, 

to a lesser extent, heterogeneous nucleation are the most prevailing 

nucleation mechanisms in industrial crystallization. Crystal-

noncrystal contacts resulted in a substantial nucleation, but the 

greatest number of nuclei were produced by crystal-crystal contact. 

In both cases nucleation increased with supersaturation and contact 



energy and frequency. Randolph and Larson (7) developed a model that 

is satisfactory for correlating secondary nucleation. This power-

law form is given as: 

B° = kN(RPM) ttj G1 (8) 

where G is the growth rate (often proportional to supersaturation); 

kjj(RPM) is a rate constant, related to contact energy; and is the 

total solids concentration in the fluid-solid system, related to col

lision frequency. 

Impurity Effects on Crystallization 

Dissolved impurities in crystallizing solutions can have con

siderable effects on nucleation rate, growth rate, and crystal habit. 

However, the mechanisms giving rise to these effects are not clear. 

Botsaris (14) discussed mechanisms by which impurities might 

influence nucleation processes. Experimental evidence indicates that 

the metastable region may appreciably broaden in the presence of small 

amounts of impurities, thus inhibiting (or retarding) nucleation. 

This effect has been observed in several crystallizing systems such 

2+ 
as NaCl and KCl in the presence of Pb . Further experiments with 

2+ 
NaCl/Pb demonstrated that this retarding effect is predominantly 

manifested in heterogeneous nucleation, i.e., impurities affected 

nucleation by changing the substrate rather than the nucleating crys

tal. This is a possible explanation for the case in which an impurity 

retards nucleation of certain crystals without significantly changing 

the growth rates of the same crystals. 
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Several studies have been conducted to investigate the effect 

of impurities on secondary nucleation. Garside and Davey (15) pre

sented a review of recent studies of secondary nucleation. One of 

these studies described experiments on contact nucleation of sodium 

chlorate in the presence of low concentrations of borax as an impurity. 

It was found that for a given impurity concentration a maximum con

stant number of secondary nuclei were produced as the supersaturation 

increased, but for a given supersaturation this maximum diminished 

with increasing impurity concentration. This implies that the maxi

mum number of nuclei produced in a pure solution will always be 

greater than in an impure solution at any supersaturation. Botsaris 

(14) mentioned another experiment on contact nucleation of sodium 

chlorate in the presence of sodium borate. Results suggested that 

impurities have more to do with the survival of the secondary nuclei 

(preventing them from growing) than with their production. 

It can be seen that an apparent contradiction exists between 

data on primary versus secondary nucleation. Impurities affect pri

mary nucleation with no significant effect on growth while impurities 

affect secondary nucleation by influencing growth of the parent seed 

of the crystals. This was discussed in terms of two possibilities: 

either homogeneous nuclei are quite different from secondary nuclei, 

in which case the latter grow differently as small-crystals, or the 

effects are relative to the system under consideration. 

Equation 8 points out to a way to predict nucleation and 

growth rates and thus, crystal size distribution, in a crystallizer. 



This semi-empirical equation is considered as a useful way for 

correlating the effect of an impurity in a given crystallizing sys

tem. The effect of impurities can change the value of i, since both 

nucleation and growth may be affected, and/or of the nucleation rate 

constant. Larson and Mullin (16); Randolph, Kelly, and Keough (17); 

Randolph and Puri (18); and Shor and Larson (19) have shown for their 

respective systems and experimental conditions that the value of i 

did not change significantly with addition of an impurity. Impurity 

effects are usually reflected in the rate constant. Liu and Botsaris 

(20) as well as other investigators include the impurity concentra

tion in Equation 8 in order to release the rate constant dependence 

on impurities. This approach is useful for prediction of the effect 

of a specific impurity concentration on crystallization kinetics. 

Mechanisms by which an impurity can influence the crystal 

growth and habit are quite complicated and are closely related to 

the mechanisms by which crystals grow. An impurity can also alter 

the solubility of a crystallizing material and hence the crystal 

growth mechanism. The solubility of inorganic solute vary with ionic 

strength. The number of growth sites tends to increase with solu

bility which increases the growth rate. 

Davey (21) discussed the effect of solubility and other 

growth-related factors that may be affected when a dissolved impurity 

is adsorbed on the surface of the solute. This adsorption can either 

decrease the interfacial free energy or impede the advance of steps 

across the crystal surface in a way related to the specific adsorption 



site (i.e., whether at a kink, at a step, or on a ledge site). The 

first effect causes an increase in growth rate while the second 

causes a decrease, whether the growth mechanism is by two-dimensional 

nucleation or screw dislocations. However, the overall effect is 

determined by the growth mechanism, depending on the range of impurity 

concentration and unrelieved supersaturation. 

Crystal habit, as defined by Bloss (22), refers to the shape 

imparted to a crystal by the relative development of its various forms. 

Habit is not only controlled by the internal structure of a crystal 

but also by environmental conditions in which the crystals grow, such 

as foreign ions present in the crystallizing solution. The degree of 

habit modification depends on the different ways by which an impurity 

can affect the growth of different faces of the same crystal. 

Meserole et al. (23) found that calcium sulfite crystals precipitated 

in HTDS sulfate solutions were rod shaped or globular with some foli

ated growth patterns while in HTDS chloride or dilute solutions 

crystals were lamellar or acicular in habit. McCall and Tadros (24) 

found that calcium sulfite exhibited a rossette morphology when 

precipitated from CaC^ and Na^SO^, whereas addition of citric acid 

produced spherical particles. However, Kelly (25) reported CaSO^.l^ 

H^O crystallized as conglomerate-type crystals in the presence of 

citric acid and loose stacked platelets in its absence. In Kelly's 

study, CaCl^ and NaHSO^ were used to precipitate CaSO^.1/2 ̂ 0. 



EXPERIMENTAL 

The experimental apparatus used in this study to determine the 

effect of HTDS solutions on calcium sulfite hemihydrate crystalliza

tion was a MSMPR crystallizer of 240-ml volume. This apparatus will 

be referred to as the mini-nucleator system. 

Apparatus Description 

The experimental system was composed of feed flasks, feed 

pumps, filters, crystallizer, PDI-80xy particle counter, temperature 

controlled bath, and liquid level controller. The experimental set up 

is shown schematically in Figure 2. 

The mini-nucleator was a jacketed glass vessel with an operat

ing capacity of 240 mililiters (Figure 3). It was connected directly 

to the PDI-80xy in order to obtain ̂ n situ CSD measurement and analy

sis. 

Addition of reactants to the crystallizer was controlled by 

means of two ISCO metering pumps which could be adjusted to give the 

desired residence time (ca. 15 minutes). An ISCO model 310 pump was 

used for CaC^ and chloride solutions and an ISCO model 312 pump was 

used for NaHSO^/NaOH and sulfate solutions. Each feed solution was 

passed through an in-line Balston DFU 0.2 micron filter prior to 

crystallizer addition to insure a solids-free liquid solution enter

ing the crystallizer. 

14 
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Dimensions--
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Figure 3. 240-ml Mini-Nucleator Schematic 
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The crystallizer suspension was maintained well-mixed by the 

action of a 2.4-cm variable speed glass impeller. The discharge flow 

was intermittent and controlled by a liquid level aspirator (see de

tails on Figure 3) which kept the crystallizer solution volume con

stant. The operating temperature was maintained constant by 

circulating water from a Neslab temperature controlled bath. 

A nitrogen blanket was always maintained above the sulfite 

feed tank and mini-nucleator to prevent sulfite oxidation. In addi

tion, a ̂ -bubble was created around the counting orifice to reduce 

fouling due to continuous immersion in the crystalllizer slurry. This 

^-bubble was removed only during periods of particle counting. 

The PDI-80xy is a computerized, multichannel, analyzing system 

which uses the zone sensing method to measure the number and size of 

particles in an electrically conductive medium. Particles suspended 

in an electrolyte solution are caused to traverse, substantially 

singly, through a small orifice with an immersed electrode on each 

side energized by a lOv potential. As the particle passes through the 

orifice a volume of solution is displaced proportional to the particle 

volume. 

This displacement causes a momentary change in resistance be

tween the electrodes resulting in a voltage pulse whose amplitude is 

related to the particle volume. The pulses are electronically 

counted, scaled, and the particle volume is converted to an equivalent 

linear size ("spherical diameter"). The raw data from this method is 

a frequency histogram of number of particles vs. size. A MSMPR 



program stored in the instrument (see theoretical section) converts 

the raw data to a plot of cumulative number vs. size. Both the histo

gram and the final plot can be displayed on the PDI oscilloscope. The 

resulting cumulative number distribution is used to calculate CSD 

kinetic parameters. Figure 4 shows a typical printout from the PDI-

80xy particle counter. 

Calibration of Equipment 

Several calibrations were performed throughout the course of 

this study to set operating conditions correctly and to ensure the 

consistency of measurement. These calibrations, done before or dur

ing the experimental period, included: crystallizer volume, feed 

flow rate, pH meter, impeller speed, and particle counter. 

The crystallizer volume was calibrated against the liquid-

level controller position in the crystallizer. Initially, the crys

tallizer was filled with an amount of water equivalent to the working 

volume, as measured in a 250-ml graduated cylinder, and then was al

lowed to reach the operating temperature. The liquid-level controller 

was moved to a specific position in the crystallizer just above where 

a small amount of water could be withdrawn by the action of the 

vacuum pump. More water was added from the top of the crystallizer 

and the resulting crystallizer volume measured in the 250-ml graduated 

cylinder. Depending on this reading, a new position of the liquid-

level controller was determined. This method was repeated until the 

required crystallizer volume was obtained. The liquid-level 



1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.9 
o.oo: 1 * • 

> 
> 

12.20> 
> • 
> » 

24.56J • 
> • 

> * 
36.84:- • 

> t 
> t 

49.12> t 
> t 
:> • 

61.40J » 
> t 
> t 

73.68> • 
> » 
> t 

85.97> • 
> t 

> t 
98.25> * 

> * 
> .• 

U0.53> . • 
> . * 

> . * 

122.81> 
> . t 
j , • > 

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 
Si:« (linetr) vs. Population Density del) 

Correlation Coofficiont = 0.86 
Inttrccrt = 10.238. SI on 1 -0.071 lol(no./cc)/aicro*tt«r 
Tati * 15.000 tin. • Rko * 2.535 Graas/cc. 
10 - 1863 no./cc-*in. 
G - 0.94 licrons/ain. 
Pom1ation-avtrait lizt 1 14.11 aicrons 
Mtilkt-avtraio - 56.454 licroM 
NT « 6.257000rK)2 iraas/cc. 
Niclti fcositr * 1980 M./cc.-aicrms 

Figure 4. Typical Output from PDI-80xy Particle Counter 
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controller position was fixed at this position. During the 

calibration of crystallizer volume, a nitrogen-bubble was present 

around the counting orifice (since it displaced a small liquid volume). 

The liquid was also agitated at the average impeller speed. 

Feed flow rates were measured at the entrance ports to the 

crystallizer by timing the flow of feed solution into a 10-ml graduated 

cylinder for 1 minute. The impeller speed was determined by using a 

digital tachometer. The RPM was checked every 15 minutes during each 

run period. The pH meter was calibrated using two buffers, one of pH 

4.00 and the other of pH 7.00, according to the instructions supplied 

with the instrument. Recalibration was performed for each run. 

Calibration of the PDI-80xy particle counter was done for 

each set of TDS solutions because of expected variations in conductiv

ity. The standards were prepared by suspending particles of known 

mean size and narrow size distribution (in this case polymer latex 

spheres) in clear liquor obtained from an experimental run. Alterna

tively, fresh liquid solutions whose concentrations were equivalent to 

the salts to be tested were used. The peak of the size distribution 

would appear in different size channels when the current and gain 

controls were adjusted to different levels. Two points on the scale 

were thus established at the known sizes and two size channels. These 

two points, particle size and the channel in which it appeared, estab

lished the calibration at a given current and gain setting. The PDI 

instrument would thereafter interpolate (or extrapolate) between 

these two points for particles of other size. 
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Experimental Procedure and Conditions 

Experiments were carried out in the 240-mililiter 

mini-nucleator crystallizer shown in Figure 3. The mini-nucleator 

was operated as an open-loop system, as suggested by the experimental 

work done by Etherton (26), who studied the effect of additives on 

CaSO^. 2 1^0 crystallization. Since foreign ions would build up in 

a recycle system, an open-loop system was used. Furthermore, control 

of pH, supersaturation, and concentration of TDS in the crystallizer 

would be easier in an open-loop system. 

Supersaturation in the crystallizer was generated by chemical 

reaction between CaC^ and NaHSO^ feed reactants. Fixed concentra

tions of CaC^ and NaHSO^ were used in all experimental runs, except 

in the set of runs studying the effect of CaC^ where the concentra

tion of CaCl2 was varied. The use of fixed concentrations of reac

tants permitted a single calculation of inlet supersaturation as a 

function of ionic feed concentrations. 

The NaHSO^ and CaC^ feed flasks were filled with 2.0 liters 

of aqueous solution which contained NaOH and any of the salts tested. 

The salts tested were the following: NaCl, MgCl^-^ 1^0, Na^SO^, MgSO^. 7 H20, 

and Ca&2>2 I^O. Solutions of sulfate were made in the NaHSO^ feed 

flask while those corresponding to the chloride salts were made in 

the CaCl2 feed flask. The amount of NaOH necessary to maintain the 

suspension pH in the crystallizer as close as possible to 5.5 was found 

by trial-and-error and added to the NaHSO^ feed flask. All solutions 

were made using reagent grade chemicals and with distilled 1^0 
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filtered to 0.2 microns absolute. Table 1 shows the concentrations 

used to make-up the feed solutions. Crystallizer concentrations for 

each set of experimental runs are presented in Table 2. 

The range of sulfate concentration used in this study was 

selected carefully since gypsum could be precipitated rather than 

CaSO^.1/2 ̂ 0. Therefore, maximum sulfate concentrations were deter

mined using the Bechtel Modified Radian Equilibrium Program (BMREP). 

BMREP, developed by Bechtel Corp. and Radian Corp., calculates solu

tion equilibria for the components commonly present in stack-gas 

liquors. The program uses ionic concentrations of feed solutions as 

the input variables to calculate percent saturation prior to crystal 

formation. 

Prior to addition of feed solutions, the crystallizer was 

filled with ̂ 0 (distilled and filtered to 0.2 microns absolute) and 

allowed to reach the operating temperature. Agitation was produced 

in the crystallizer and a nitrogen-bubble was created around the 

counting orifice. Thereafter, both feed solutions were added to the 

crystallizer at approximately the same rate, 7.7 mililiters per 

minute. With a crystallizer working volume of 230-mililiters this 

corresponds to a residence time, T, of 15 minutes. The crystallizer 

suspension was maintained at 50°C and continuously agitated at an 

average impeller rate of 1520 RPM. 

Each experiment was allowed to run for a period corresponding 

to 7 residence times prior to data acquisition to insure steady-state 



3 b 
Table 1. Feed Make-Up Concentrations for TDS Experiments ' 

3 
Salt Concentration, kg/m 

Solution 
Identification CaCl2 « • 2H20 MgCl2 -• 6H20 NaCl MgS04 • 7H20 NaoS0. 2 4 

Base 13. ,13 ___ 

25K-NaCl 13. .13 — — 50, .00 — — 

125K-NaCl 13. .13 — — 250, .00 — — 

20.2K-MgCl2 13. .13 86. .00 — — — — 

40.75K-MgCl2 13. .13 173. .85 — — — — 

23.5K-CaCl„ 75, .38 — — — - - — — 

22.8K-Mix 13. .13 67. .68 10, .55 6, .93 
24.3K-Mix 13, .13 40, .16 26, .38 6, .93 
2.0K-Na2S04 13, .13 — — — — — 4.00 
1.7K-MgS04 13, .13 — — — — 6 .96 
2.5K-MgSO 13. .13 " """ 10, .24 ___ 

^[NaHSO^] = 3.50 kg/m"* for all runs. _ 
[NaOH] was 0.815 - 1.395 kg/m^ for HTDS chloride/base solutions and 0.380 - 0.595 kg/m for HTDS 
sulfate/mix solutions. 
CK = 1000 ppm. 

M 
u> 
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Table 2. Crystallizer Concentrations for TDS Experiments3 

3 
Ionic Concentrations, kg/m 

Solution I j i_ _i i_ 
Identification Na 

_ 1 1 
Ca 

w ++ 
Mg S0I Cl" 

Base 0.387 1.790 3.166 

25K-NaCl 9.834 1.790 18.331 

125K-NaCl 49.171 1.790 78.986 

20.2K-MgCl2 0.387 1.790 5.142 18.161 

40.75K-MgCl2 0.387 1.790 10.394 33.479 

23.5K-CaCl2 0.387 10.277 18.175 

22.8K-Mix 2.462 1.790 4.388 1.353 18.167 

24.3K-Mix 5.574 1.790 2.743 1.353 18.167 

2.0K-NaoS0. 2 4 
1.034 1.790 1.353 3.166 

1.7K-MgS04 0.387 1.790 0.344 1.353 3.166 

2.5K-MgS04 0.387 1.790 0.505 2.000 3.166 

a[S0~] = 1.347 kg/m3 for all runs. 



operation. From 7T to 11-12T, CSD measurements were made once per 

residence time using the PDI-80xy. 

Since the PDI-80xy was connected directly to the mini-

nucleator, no sample dilution was made before CSD measurement. This 

undoubtedly resulted in a high coincidence loss of the smaller parti

cles . Coincidence loss refers to the counting loss caused when two 

or more particles pass through the orifice at the same time. Conse

quently, values of B° and Hj, (i.e., nucleation rate and slurry den

sity, respectively) derived from the intercept of the cumulative number 

plot (Figure 4) were not accurate enough to enable quantitative use. 

Values of growth rate, G, obtained from the slope of this plot were 

regarded as correct since coincidence correction is a fractional 

correction applied to all data channels and hence does not alter the 

slope. 

An additional experiment was done during this study to demon

strate the validity of the growth rate data obtained from the PDI-80xy. 

This experiment was carried out using identical procedures previously 

mentioned (except that 250K-NaCl solution was tested and the suspen

sion pH in the crystallizer was lower than 5.5). Once the run was at 

steady state (i.e., between 8T and 12T) a 45-ml sample was taken from 

the crystallizer suspension and diluted with 185-ml of filtered liquor 

(from the same run). The dilute solution was then poured into the 

crystallizer after cleaning. The same operating conditions, such as 

impeller RPM and crystallizer temperature, were maintained. Results 
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from these experiments are summarized in Table 3. Figure 5 and 6 are 

PDI-80xy outputs obtained before and after dilution, respectively. 

The region enclosed in the circle in Figure 5 (high particle concen

tration) deviates from the predicted straight semi-log plot. In 

Figure 6 (diluted sample) this same region is a straight line. How

ever, the straight line portion of the curves (at the larger sizes) 

has the same slope in both cases. These results demonstrate the 

validity of the growth rate data obtained from the PDI-80xy, even 

when severe coincidence occurs at the smaller sizes, since no appreci

able variation in growth rate was observed before and after diluting. 

It appears that coincidence error has no substantial effect on calcu

lated growth rate values. 

Slurry density measurements, M^,, were made directly by fil

tering a 20-ml or 30-ml aliquot taken from the crystallizer mixed sus

pension on a 5-micron absolute filter. The solid product was then 

washed with 50-100% isopropyl alcohol and allowed to dry in the oven 

at a temperature of 50-60°C. The resulting was the weight of the 

dried filtered solid divided by the aliquot volume. This procedure 

was repeated twice per run. Measurements were usually taken at 8x 

and 10T (or 9x and llx) to insure steady state conditions. 

Values for nucleation rate, B°, were calculated using the 

following MSMPR relationship (7): 

B° ——r- (9) 
6pk (GT) T 

v 

where 
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Table 3. Data for the Slurry Dilution Experiment 

Sample Identification Time G x 10^ (m/s) 

Concentrate 8T 1.236 

9T 1.219 

10T 1.253 

11T 1.236 

12T 1.269 

Average 1.243 

Dilute 16T 1.219 
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Figure 6. Representative PDI Output for Experiment on Coincidence 
Effect (Sample ID: Diluted Solution/Time: 16x) 



p = crystal density, kg/m^; 

k = volume factor (=) TT/6 for "spherical particles"; and 

3 M^, = slurry density, kg/m . 

Values of G and M^, used in Equation 9 were averages over each run. 

Samples taken from the crystallizer for Hj, measurements were 

also used in several analyses. Gravimetric analyses were performed 

to determine the concentration of SO^ and SO^ in the filtered liquor 

and SO^ in the solid sample. The remaining solid sample was preserved 

for future crystal analyses (i.e., SEM photomicrographs and X-rays 

diffraction). Finally, the entire system was cleaned with a dilute 

Calgon solution or distilled water and then shut off. 

Experimental Results 

Experimental runs were performed in duplicates and triplicates 

for each HTDS solution tested in order to prove the precision of the 

measurements. Representative average values for the crystallization 

kinetic parameters and supersaturation for each set of HTDS experi

mental runs are summarized in Table 4. Results for the corresponding 

runs in each set of HTDS experiments are given in Appendix A. A plot 

of feed supersaturation as a function of slurry density, is shown 

in Figure 7. 

Feed supersaturation, as calculated by BMREP using feed ionic 

concentrations as inputs to the program, refers to the initial driving 

force for precipitation (i.e., supersaturation necessary to establish 

homogeneous nucleation). However, this value does not represent the 



Table 4. MSMPR Results for Each Set of TDS Experiments 

a 
s. 

X 

Li,o * 106 

Population 
Average 
Size, GT 

(m) 

Solution 
Identification 

Feed 
Supersaturation 

(kg/m3 CaS03 • ̂ O) 
T 

(kg/m3) 

B° x 10" 

(#/m3 • 

-4C 

s) 

Qd 
G x 10 

(m/s) 

Li,o * 106 

Population 
Average 
Size, GT 

(m) 

Base 1.24 1.32 4556 1.77 15.93 

25K-NaCl 0.99 1.55 5350 1.77 15.93 

125K-NaCl 1.03 1.50 7860 1.54 13.86 

20.2K-MgCl2 0.69 1.04 2818 1.92 17.28 

40.75K-MgCl2 0.32 0.74 3041 1.67 15.03 

23.5K-CaCl2 1.86 1.98 23060 1.18 10.62 

22.8K-Mix 0.87 0.47 2832 1.47 13.23 

24.3K-Mix 0.82 0.38 2828 1.37 12.33 

2.0K-NaoS0, 
2. 4 

1.41 0.27 1335 1.57 14.13 

1.7K-MgS04 1.14 0.32 1710 1.53 13.77 

2.5K-MgS04 1.15 0.22 489 2.05 18.45 

^Computed by BMREP using crystallizer ionic concentrations as inputs. 
Determined directly from 20-ml or 30-ml slurry sample. 
^Calculated from MSMPR relationship, Equation 9. 
Obtained from PDI-80xy output. 
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Figure 7. Feed Supersaturation vs. Slurry Density 



actual supersaturation driving force existing in the crystallizer 

because precipitation removes solute from solution. The actual super-

saturation in the crystallizer, s, was calculated for each experimental 

run using the mass balance expression: 

s = s± - (10) 

where 

s^ = initial supersaturation, defined as the amount of solids 

predicted by BMREP if the feed solution was held till 

3 
equilibrium, kg/m ; and 

= 0.8 M^,, the measured solids concentration corrected for sul-

3 
fate in solid solution in the sulfite product, kg/m . 

The 0.8 correction factor is based on the assumption that the crystal

lizer product was pure CaSO^.1/2 ̂ ©(s) in solid solution with CaSO^(s), 

in the proportion 0.8 g CaSO^.1/2 H^O per g and 0.2 g CaSO^.1/2 1^0 

per g product. 

Table 5 lists results for actual supersaturation as calculated 

by Equation 10. Values of stoichiometric supersaturation were also 

computed by BMREP and reported in Table 5. Experimental S0^ levels in 

the mother liquor were used this time as the input concentration to 

2+ 
the program, together with Ca levels by making use of the measured 

Hp and assuming that 80% wt. of the solid product is CaSO^.1/2 ̂ O. 

Thus, the residual supersaturation in the end liquor was calculated 

2+ 
from the following end liquor (Ca ) value: 
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Table 5. Actual Crystallizer Supersaturation for TDS Experiments 

3 Stoichiometric Supersaturation, kg/m 

Solution 
Identification Run // sa s(BMREP) 

Base 13 
14 

0.34 
0.04 — »  —  

25K-NaCl 17 -0.30 
18 -0.30 0.00 
19 -0.18 0.00 

125K-NaCl 22 -0.21 
24 -0.14 

20.2K-MgClo 75 0.04 0.00 
£ 

76 -0.33 0.00 
78 -0.14 0.00 

40.75K-MgCl_ 86 -0.23 — 

z 
87 -0.32 

23.5K-CaCl„ 83 0.22 
z 

84 0.33 
22.8K-Mix 90 0.46 

91 0.55 — 

92 0.47 
24.3K-Mix 95 0.69 

96 0.34 
2.0K-Na„S0, 35 1.21 0.70 

i. 
36 1.17 0.78 

1.7K-MgS0 70 1.10 0.82 
n 

71 0.71 0.42 
72 0.85 0.79 

2.5K-MgS0 66 0.75 0.39 
68 1.07 0.91 
69 1.11 

^As calculated from the mass balance expression, Equation 10. 
As computed by BMREP using steady-state crystallizer concen
trations of Ca"1""*" and S0° as inputs to the program. 
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[Ca2+] end = [Ca2+] X'er - (ACa)I^, 
liquor input 

where 

0 . 2  ,  0 . 8  (ACa) = 
^CaSO^.1/2 H20 ^CaS03.l/2 H20 

All other input concentrations used were taken as the crystallizer 

input concentrations. Any negative values obtained for s were probably 

due to an erroneously high value of or to the inability of BMREP to 

calculate at high TDS concentrations. Such negative values can be 

regarded as zero. 

Gravimetric methods were used to measure the concentration of 

SO^ and S0^ in crystallizer liquors and of SO^ in the slurry solids. 

Table 6 indicates the results for each experimental run. The precipi

tation rate of calcium sulfite hemihydrate, PR„ „ ,,n „ , ' CaSO^.l^ 1^0, was cal

culated by the following equation: 

PRC "0 1/" II 0 [S°3]i " [S03]SS (11) CaS03.l/2 H20 -

where 

= =3 
[so^ji = initial crystallizer concentration of SO^, mol/m ; and 

[S0~]ss = steady-state crystallizer concentration of SO^ (from 

3 
gravimetric analysis), mol/m . 

The initial relative saturation of calcium sulfite hemihydrate, 

RSr cn 1/9 r>» was calculated using BMREP, defined as: 
-L/ ̂  n.2^J 

RSCaS0_.l/2 H„0 = 3Ca2+ X aS°3 (12) 
J K 

sp 
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Table 6. Results from Gravimetric Analyses 

Solution 
Identification Run // 

[SOp x 103 

Liquor 
(mol/m^) 

[S04] x 103 

Liquor 
(mol/m^) 

[S03] x 103 

Slurry Solids 
(mol/kg) 

Base 13 5.47 2.63 7.22 
14 5.22 

25K-NaCl 17 4.83 1.79 7.20 
18 7.18 1.66 7.25 
19 5.40 1.75 7.34 

125K-NaCl 22 8.70 2.42 6.13 
24 10.15 

20.2K-MgCl0 75 7.84 2.06 7.96 
76 9.16 3.33 7.71 
78 8.94 2.13 7.38 

40.75K-MgCl0 86 11.18 
87 12.42 

23.5K-CaCl„ 83 2.24 
z. 

84 3.14 2.12 7.34 
22.8K-Mix 90 13.66 

91 13.41 
92 14.41 

24.3K-Mix 95 13.17 
96 13.91 

2.0K-NaoS0. 35 10.76 16.96 5.52 
L H 

36 11.83 18.16 4.16 
1.7K-MgS0. 70 12.90 16.21 7.50 

H 
71 12.10 16.21 3.87 
72 13.98 16.31 4.48 

2.5K-MgSO. 66 12.36 2.44 
H 

68 14.16 22.23 6.97 
69 15.65 



where a_ 2+ and a„n= refers to the activities of the calcium ion and 
Ca SO^ 

sulfite ion, respectively, and K is the solubility product of 

CaSO^.l^ 1^0. Activity is defined as the product of activity coef

ficient and molar concentration. Results of these calculations are 

given in Appendix B and were used to plot the precipitation rate as 

a function of relative saturation shown in Figure 8. Relative satur

ation data for CaSO^.2 t^O are also given in Appendix B. 

Crystal Habit Modification 

SEM photomicrographs are taken to determine the effect of 

various TDS solutions on CaSO^.l^ 1^0 habit. In the absence of im

purities (base case) the grown crystals formed conglomerates of 

well-defined platelets (i.e., tabular habit) as shown in Figure 9. 

These crystals show a relatively smooth surface and a tendency for 

interpenetration twinning. Figure 10 indicates no noticeable change 

in crystal habit after addition of CaC^ and in the presence of dis

solved concentrations of MgC^, as shown in Figure 11. 

Figure 12 shows that NaCl did affect the crystal habit and 

that this effect became more pronounced as its concentration increased. 

Crystals formed in the presence of small concentrations of NaCl show 

essentially the same habit characteristics as those in the base case 

but it can be seen that few very small cuboidal (equant) crystals 

were additionally formed. This multiple habit became evident in 

solutions containing 125-250K-NaCl as shown in Figure 13. Further

more, additional experiments done in the presence of 125K-KC1 revealed 
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Figure 8. Precipitation Rate vs. Relative Saturation 



Figure 9. Crystal Products from Base Solution, 
a) 500X and b) 1250X. 



Figure 10. Crystal Products from Base and 23.5K-CaCl„ 
Solutions. — a) Base, 500/1500X and 
b) 23.5K-CaCl2, 500/1500X. 



Figure 11. Crystal Products from MgCl- Solutions. 
a) 20.2K-MgCl2, 500/2500X and 
b) 40.75K-MgCl2» 500/1500X. 



Figure 12. Crystal Products from NaCl Solutions. 
a) 25K-NaCl, 500X and 
b) 125K-NaCl, 500X. 



Figure 13. Crystal Products from Concentrated NaCl 
Solutions. — a) 125K-NaCl, 500X and 
b) 250K-NaCl (pH 4.6), 1250X. 
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the same multiple habit as in NaCl as can be seen in Figure 14. These 

small block-shape crystals were chunkier and showed single-faceted 

appearance. They also shown a tendency to aggregate on the surface of 

larger crystals and to form clusters. Some of the larger crystals 

grown in the presence of high concentrations of NaCl and KC1 also 

shown a columnar habit. 

Significant habit modifications were perceived in solutions 

containing dissolved Na2S0^ and MgSO^. Figure 15 demonstrates the 

difference in habit relative to the base case. Crystals grown in 

the presence of Na2S0^ and MgSO^ are shown in Figures 16 and 17. In 

these solutions, parallel bundles of very thin lamellar crystals were 

formed. These crystals show rougher surfaces and a tendency to form 

concentric layerings. Multiple habit were observed in the case of 

2.5K-MgSO^, where acicular crystals were also formed. In addition, 

some very tiny star-like crystals usually appeared on surfaces of 

larger crystals. These star-like crystals are shown in Figure 18 

for the case of Na2S0^ but they were also observed on surfaces of 

crystals growing in the presence of MgSO^. They possibly are formed 

as a result of surface nucleation. 

Crystals grown in solutions containing all ionic impurities 

(22.8K-Mix and 24.3K-Mix) show an intermediate habit between the 

base case and the sulfate solutions. The crystals formed conglomer

ates and were lamellar in habit, but thicker than those in sulfate 

solutions. These crystals are shown in Figure 19. Additional photo

micrographs are supplied in Appendix C. 



Figure 14. Crystal Products from NaCl and KCl Solutions. — 
a) 125K-NaCl, 500/1500X and b) 125K-KC1, 
500/1500X. 



Figure 15. Crystal Products from Base and MgSO, Solutions. 
a) Base, 500X and b) 1.7K-MgS04> 500/1500X. 
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Figure 16. Crystal Products from Na„SO, and MgSO, 
Solutions. — a) 2.0K-Na-S0,, 500X ana 
b) 2.5K-MgS04, 500X. 



Figure 17. Crystal Products from Na2S0, and MgSO.at Higher 
Magnifications. — a) 2.0K-Na-S0,, 500/1500X and 
b) 2.5K-MgS04, 500/2500X. 



Figure 18. Star-Like Crystals in the Presence of Na„SO,. — 
a) 500/1500X and b) 1500/7500X. 



Figure 19. Crystal Products from Mix Solutions. — 
a) 22.8K-Mix, 500X and b) 24.3K-Mix, 500X. 



DISCUSSION OF RESULTS 

Differences in results between experiments conducted in the 

presence of HTDS chloride solutions and HTDS sulfate solutions suggest 

that each of these two groups of solutions affects calcium sulfite 

crystallization in a different manner. In addition, it has been 

shown that differences existed even within each group, showing a 

cation effect. 

The plot of feed supersaturation vs. slurry density (Figure 7) 

demonstrated that the crystallizer behaves as a Class II (high yield) 

system whenever sulfate is not present in solution. The sulfate 

solutions show a tendency to broaden the metastable region, as can be 

seen when comparing the base solution to MgSO^ solutions. The nuclea-

tion rate decreased significantly as MgSO^ concentration increased, 

but the relative saturation remained constant. 

Correlation of growth rate in terms of supersaturations was 

not possible for the TDS chloride and base solutions due to the un-

measurably small supersaturations. However, it was possible to mea

sure supersaturation in solutions containing sulfate and thus to fit 

the growth rate data to an appropriate equation (directly derived 

from Equation 6): 

G = exp (-^) (13) 
s 

where 

51 



K = exp(-16.507), kg/m^.s; 

b = 1.395, kg/m^; 

2 
having a correlation coefficient R of 0.95. 

Results are presented in Figure 20. Therefore, growth is 

assumed to happen by a two-dimensional nucleation mechanism in the 

presence of sulfate. For HTDS chloride and base solutions, however, 

it seems reasonable to presume that growth takes place by a screw-

dislocation mechanism since very low supersaturations exist. 

solutions precipitation rates are approximately 1.5 and 2.0 times 

greater than in the base solution, respectively, within a close 

relative saturation range. These results are comparable to those 

obtained by Meserole et al. (23), who offer a more detailed study of 

this matter. Other data can not be compared on the same basis since 

they fall within a different relative saturation range. However, it 

was shown that when the concentration of CaC^ in solution was in

creased the relative saturation increased significantly but the 

precipitation rate remained essentially constant. 

Previous studies (18,19,20) have indicated that expressions can 

be formulated to predict the dependence of crystallization kinetics 

on impurity concentration. A correlation of this type was obtained 

in this study for the nucleation rate data and can be represented as: 

The precipitation rate data show that in MgSO^ and Na2S0^ 

(14) 
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Figure 20. Growth Rate Correlation 



where is a constant representing the influence of the ionic species 

k; A is a rate constant; and [C^] is the concentration of the soluble 

3 
background ion k (kg/m ). Values for A and a^ were obtained using a 

multilinear regression method and resulted in the following overall 

expression: 

B° = 2.8 x 107 exp (0.12[C1~] - 0.17[Na+] - 0.35[Mg2+] 

- 0.59[S(>']) (15) 

2 
The correlation had an R correlation coefficient of 0.86 and was 

significant at the 99% probability level. This relationship could be 

used with confidence to predict the effects of ion built-up on calcium 

sulfite CSD in HTDS liquors. Equation 15 shows that all ions inhib

ited nucleation except the chloride ion. This result is consistent 

with the work of Keough (27) who showed that recycle of chloride-

containing liquors degenerated particle size. Figure 21 shows a 

comparison between experimental and calculated values obtained from 

Equation 15. 

Additional experiments were performed for the case of 125K-

NaCl at different residence times. Results are summarized in Table 7 

and show no significant changes in Hj,. These data were fitted to a 

power-law nucleation model that leads to the following expression: 

B° = exp (37.76)G1*1 R2 = 0.99 (16) 

It was found that the growth rate order i was approximately equal to 

1. Kelly (25) reported growth rate orders of 0.939 and 1.095 for 

CaSO^.1/2 1^0 crystallizing in the absence of additives and in the 
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Table 7. Results for 125K-NaCl Experiments 

56 

Residence „ , _ , 
Time, x G x 10 M^, B° x 10 Li o x 10 

(min) (m/s) (kg/m^) (#/m^ • s) (m) 

10 2.080 0.973 10510 12.47 

15 1.540 1.500 7860 13.86 

20 1.050 1.014 5283 12.62 

25 0.944 1.465 4337 14.15 
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presence of 30ppm citric acid, respectively. These results indicate 

that i does not vary significantly as a result of impurity addition 

to the solution. Therefore, the value of i was taken as 1 irrespec

tive of the ionic impurity present in the solution. 

Power-law correlations for nucleation rate corrected for ionic 

concentration of the impurities were obtained for HTDS chloride/base 

solutions and HTDS sulfate/mix solutions separately, assuming that i 

equals 1. The resulting relationship was of the form: 

B° = kN G nj exp (\ak[Ck]) (17) 

The least-squares method was used to find values of the rate constant 

k^ and slurry density order j and are listed in Table 8. Figures 22 

and 23 compare experimental vs. calculated nucleation rates for HTDS 

chloride/base solutions and HTDS sulfate/mix solutions, respectively. 

It can be noted that the kinetic order of nucleation rate with respect 

to suspension density depends on whether sulfate is present in solution. 

Table 8. Power-Law Nucleation Kinetic Parameters 

TDS-Solution 
Identification kN 

j 
Correlation ^ 
Coefficient, R 

Chloride/Base 1.410 x io15 0.6 0.62 

Sulfate/Mix 2.325 x io16 2.2 0.90 
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Figure 22. Power-Law Correlation for Chloride/Base Solutions 
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A pronounced habit modifying effect of certain dissolved 

impurities, such as NaCl (proportional to its concentration) and 

sulfate-related solutions was demonstrated. The existence of multiple 

habits was shown in the presence of those impurities. However, the 

habit modification was different in both cases. Therefore, it seems 

obvious to assume that their effects must be due to different mech

anisms . 

The nucleation rate was generally increased in the presence 

of HTDS chloride solutions as their concentrations increased. The 

only exception was observed after addition of MgC^. This could be 

explained in terms of inlet supersaturation. The inlet supersatura-

tion decreased when MgC^ was added to the solution and thus the 

driving force for nucleation decreased. The results shown point out 

the possibility of an increase in nucleation rate if they are com

pared on an identical inlet supersaturation basis. These data also 

show the importance of nucleation mechanisms different from the homo

geneous one, since the nucleation rate remained relatively constant 

when the inlet supersaturation was decreased to approximately half 

its value in solutions containing MgCl^-

Crystals produced in solutions containing NaCl and KC1 were 

unique because of their characteristic multiple habit. The larger 

crystals exhibited the same habit as the crystals formed in the base 

solution, while the smaller crytals show a completely different habit. 

These results imply a selective effect dependent on crystal size. 

This phenomenon might be explained by identifying the nucleation 



mechanism responsible for these crystals. As discussed previously, 

crystals formed by a secondary nucleation mechanism may exhibit 

slower growth than their parent crystals and impurities may slow 

the growth rate further. It seems likely that a secondary nuclea

tion mechanism is responsible for these smaller crystals. Their low 

growth rate is apt to be further inhibited by impurities. 

The way by which an impurity affects a given crystal system 

is usually rationalized in terms of an adsorption mechanism with/ 

without incorporation into the crystal lattice. It has been observed 

that adsorption of an impurity can occur even at low concentrations 

which often retards nucleation and growth. However, the nucleation 

rate of calcium sulfite was increased in the presence of HTDS chlo

ride solutions, except in solutions containing MgC^, as previously 

explained. Randolph and Puri (18) obtained an increase in nucleation 

rate for borax crystallizing in the presence of NaCl and MgCl^- They 

concluded that these experimental results could be better rationalized 

by the influence of the inorganic impurity on the ionic equilibria of 

borax rather than by an adsorption mechanism. Therefore, it seems 

pausible to explain the effect of HTDS chloride solutions in a similar 

fashion, especially in view of the high concentrations needed to 

affect nucleation. 

A substantial decrease in nucleation rate occurred when sul

fate was added to the crystallizing solution. It was demonstrated 

previously that sulfate broadens the metastable region of calcium 



sulfite. These results suggest an adsorption mechanism, since the 

growth rate decreased (to a lesser extent) and the crystal habit was 

modified. Crystal products from the 'MIX' solutions were analyzed 

using X-ray diffraction techniques. The results showed that indeed 

sulfate incorporated into the crystal lattice of calcium sulfite. 

The crystal habit indicates that the growth of certain crystal faces 

was impeded as a result of this adsorption. Similar crystal habit 

modifications of calcium sulfite precipitated in the presence of 

sulfate were obtained by Tseng and Rochelle (28), who also found 

that the growth rate of calcium sulfite was inhibited in the presence 

of sulfate. 



RESULTS AND CONCLUSIONS 

HTDS chloride solutions increase the mucleation rate of 

calcium sulfite, while HTDS sulfate solutions decrease it. 

The growth rate was decreased with all HTDS solutions. These 

effects are directly proportional to the concentration of TDS. 

It was possible to correlate nucleation rate as a function of 

TDS composition and concentration. This correlation demon

strated that all ions inhibited nucleation except the chloride 

ion. 

The growth of calcium sulfite in the presence of HTDS sulfate 

solutions fit a two-dimensional nucleation model, where the 

rate is controlled by surface nucleation. Crystal growth in 

HTDS chloride solutions probably occurs by a screw-dislocation 

mechanism as low supersaturations were calculated. 

Power-law nucleation correlations corrected by an exponential 

TDS-related composition and concentration term were obtained 

for HTDS chloride/base solutions and HTDS sulfate/mix solu

tions, respectively. The growth kinetics order i did not 

change with TDS composition, but the kinetic order of 

nucleation rate with respect to suspension density changed 

depending on whether sulfate was present in the crystallizing 

solution. These correlations should be useful for predictions 

of CSD at different TDS ionic concentrations. 

63 
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5. Markedly different habits were observed for calcium sulfite 

precipitated in the presence of NaCl and KC1 and in the 

presence of sulfate. In both cases, the appearance of a 

multiple habit was evident. In the presence of NaCl or KC1 

the smaller crystals were chunkier showing a cuboidal habit 

and had a tendency to aggregate on the surface of the larger 

crystals and to form clusters. The larger crystals grow as 

conglomerates of plate-like and columnar habit. Crystals 

generated in the presence of sulfate developed a lamellar 

habit showing a tendency to form concentric layerings. 

Needle-like habit was also observed when the concentration 

of sulfate in solution increased. 

6. These results suggest that the presence of HTDS solutions in 

FGD slurries can complicate the solid-liquid separation pro

cess since the growth rate decreases and the crystal habit de

generates when sulfate is present. Further, the increase in 

nucleation rate obtained in HTDS chloride solutions might lead 

to a vessel scaling. 
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Table Al. Crystallization Kinetics and Supersaturation Data 

s. 
1 

L1,0 x 106 

Population 
Feed R Average 

Solution Supersaturation Mj, B° x 10 G x 10 Size, GT 

Identification Run # (kg/m^ CaSO^ • *5^0) (kg/m^) (#/m^ • s) (m/s) (m) 

Base 13 1.31 1.21 4413 1.738 15.64 
14 1.17 1.43 4658 1.804 16.24 

25K-NaCl 17 1.20 1.87 5473 1.870 16.83 
18 0.74 1.30 5185 1.687 15.78 
19 1.04 1.52 5554 1.737 15.63 

125K-NaCl 22 1.12 1.66 8476 1.553 13.98 
24 0.94 1.35 7357 1.520 13.68 

20.2K-MgCl„ 75 0.98 1.17 3158 1.921 17.29 
76 0.37 0.88 2091 2.004 18.04 
78 0.73 1.09 3367 1.837 16.53 

40.75K-MgCl« 86 0.36 0.74 2783 1.720 15.48 z 
87 0.27 0.74 3331 1.620 14.58 

23.5K-CaCl„ 83 1.84 2.03 16930 1.319 11.87 
2. 84 1.87 1.93 33060 1.035 9.32 

22.8K-Mix 90 0.85 0.49 3526 1.386 12.47 
91 0.91 0.45 2156 1.587 14.28 
92 0.85 0.47 3040 1.436 12.92 

24.3K-Mix 95 1.03 0.43 3094 1.386 12.47 
96 0.61 0.34 2625 1.353 12.18 

2.0K-Na SO. 35 1.43 0.28 1480 1.536 13.82 
36 1.38 0.265 1230 1.603 14.43 



Table Al. — Continued 

si 
Yo x 106 

Population 
Feed _ Average 

„ , . Supersaturation M,„ B° x 10 G x 10 Size. Gx 
Solution r, f „ 
Identification Run # (kg/m CaSO^ • ^I^O) (kg/m ) (#/m • s) (m/s) (m) 

1.7K-MgS0A 

2.5K-MgS04 

70 
71 
72 
66 
68 
69 

1.30 
0.98 
1.15 
0.91 
1.24 
1.30 

0.25 
0.34 
0.37 
0.196 
0.210 
0.243 

1277 
1985 
1956 
516 
499 
424 

1.553 
1.486 
1.536 
1.937 
2.004 
2.221 

13.98 
13.37 
13.82 
17.43 
18.04 
19.99 
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Table Bl. Precipitation Rate and Relative Saturation Data 

Precipitation CaSO^ • CaSO^, • 2H20 

Solution Rate x 10^ Relative Relative 
Identification Run // (mol/kg . s) Saturation Saturation 

Base 13 10.44 2.834 0.00 
14 9.03 2.404 0.00 

25K-NaCl 17 7.14 2.585 0.00 
18 8.26 1.676 0.00 
19 8.37 2.189 0.00 

125K-NaCl 22 5.45 2.434 0.00 
24 5.50 2.031 0.00 

202K-MgCl„ 75 8.55 2.086 0.00 
z 

76 9.69 1.276 0.00 
78 8.05 1.673 0.00 

40.75K-MgCl0 86 8.50 1.270 0.00 
z 

87 6.62 1.192 0.00 
23.5K-CaCl0 83 8.00 6.526 0.00 

z 
84 7.89 7.205 0.00 

22.8K-Mix 90 7.18 1.844 0.21 
91 8.44 1.958 0.21 
92 5.71 1.844 0.21 

24.3K-Mix 95 9.45 2.191 0.26 
96 9.53 1.522 0.27 

2.0K-NaoS0. 35 24.10 3.363 0.92 
Z H 

36 20.96 3.125 0.93 
1.7K-MgS0. 70 17.46 2.821 0.82 

71 15.46 2.039 0.82 
72 8.55 2.411 0.82 

2.5K-MgS0, 66 25.33 1.911 1.09 4 
68 14.10 2.650 1.08 
69 5.36 2.857 1.07 
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CI) Solution Identification: 25K-NaCl (500X) 

C2) Solution Identification: 25K-NaCl (5000X) 



C3) Solution Identification: 40.75K-MgCl2 (500X) 

C4) Solution Identification: 40.75K-MgCl2 (5000X) 



C5) Solution Identification: 125K-NaCl (2500X) 

C6) Solution Identification: 250K-NaCl (1250X) 



C7) Solution Identification: 125K-KC1 (500/2500X) 

C8) Solution Identification: 125K-NaCl (500/2500X) 
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C9) Solution Identification: 2,OK-Na2SO^ (500X) 

CIO) Solution Identification: 2,OK-Na2SO^ (10500X) 



Cll) Solution Identification: 24.3K-Mix (500/1500X) 

C12) Solution Identification: 22.8K-Mix (500X) 
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